SP02-219 



DEVICES AIVD METHODS FOR RAMAN AMPLIFICATION AND DISPERSION 

COMPENSATION 

Background of the Invention 

1 . Field of the Invention 

[0001] The present invention relates generally to optical communications, and more 
specifically to devices and methods providing dispersion compensation and Raman 
amplification of an optical signal. 

2, Technical Background 

[0002] As the bit rates of optical communications systems increase, the deleterious 
effects of dispersion in the optical fibers used in long-distance transmission become 
increasingly important. Dispersion causes optical pulses to spread out in time; the lower 
wavelength components of the pulse travel along the fiber at a different rate than do the 
higher wavelength components of the pulse. Typically, long-distance transmission fibers 
(e.g. LEAF®, available from Coming Incorporated of Coming, NY) have a small but non- 
negligible positive dispersion, causing the higher wavelength components to arrive at a 
network node before the lower wavelength components. This temporal spreading can 
cause loss of signal fidelity and an increase in bit error rate. 

[0003] Conventional methods of dispersion compensation use dispersion compensating 
fiber to reverse the effects of dispersion in the transmission fiber. Dispersion 
compensating fiber typically has a large negative dispersion to counteract the positive 
dispersion of the transmission fiber. In one type of conventional dispersion compensating 
device, a dispersion compensating fiber is packaged on a spool in a module. The length 
and dispersion properties of the dispersion compensating fiber are chosen to balance the 
dispersion of the span of transmission fiber to which it is coupled. A positively chirped 
optical signal from the transmission fiber is propagated through the dispersion 
compensating fiber, and the negative dispersion of the dispersion compensating fiber 
removes the positive chirp from the optical signal. 

[0004] Stimulated Raman scattering is a well-known nonlinear phenomenon that can 
allow many conventional optical fibers to provide broadband amplification. A weak 
signal in the 1550-1620 nm wavelength range can be amplified by propagation in an 
optical fiber with strong pump radiation (typically in the 1430-1480 nm wavelength 
range). The higher energy pump radiation scatters off atoms in the optical fiber core, 
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loses some energy to those atoms, and propagates down the fiber with the same 
wavelength as the signal. The amount of amplification provided by stimulated Raman 
scattering in an optical fiber is proportional to the Raman scattering coefficient of the 
material of the optical fiber core, and is inversely proportional to the product of the fiber's 
effective area and its absorption loss. One conventional method to achieve signal 
amplification in a dispersion compensating device is to directly pump the dispersion 
compensating fiber. Typical dispersion compensating fibers are effective Raman gain 
media due to their nonlinear nature and small effective area. 

[0005] Raman pumping of the dispersion compensation fiber is not always sufficient to 
provide a desired amount of gain. For example, dispersion compensating devices 
designed to compensate for relatively short spans of transmission fiber have relatively 
short lengths of dispersion compensating fiber. The short length of the dispersion 
compensating fiber in such devices limits the amount of Raman gain that can be achieved. 

Summary of the Invention 
[0006] One aspect of the present invention relates to a dispersion compensating device 
having an input and an output, the device including a dispersion compensating fiber 
having a dispersion more negative than about -50 ps/nm/km over a wavelength range of 
about 1555 nm to about 1615 nm; a Raman gain fiber having a dispersion more positive 
than about -40 ps/nm/km over a wavelength range of about 1555 nm to about 1615 nm; 
and a pump source operatively coupled to the dispersion compensating fiber and the 
Raman gain fiber, the pump source operating at a pump wavelength, wherein the 
dispersion compensating fiber has a Raman Figure of Merit at the pump wavelength, and 
wherein the Raman gain fiber has a Raman Figure of Merit at least about equivalent to the 
Raman Figure of Merit of the dispersion compensating fiber, and wherein the dispersion 
compensating fiber and the Raman gain fiber are arranged in series between the input and 
the output of the device. 

[0007] Another aspect of the present invention relates to a method of amplifying and 
dispersion-compensating an input optical signal, the optical signal being propagated fi-om 
a length of transmission fiber, the optical signal having an intensity and a positive chirp, 
the method yielding an output optical signal, the method including the steps of 
propagating the optical signal and a pump wave through a dispersion compensating fiber 
having a dispersion more negative than about -50 ps/nm/km over a wavelength range of 
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about 1555 nm to about 1615 nm, and a Raman Figure of Merit; and propagating the 
optical signal and a pump wave through a Raman gain fiber having a Raman Figure of 
Merit at least about equivalent than the Raman Figure of Merit of the dispersion 
compensating fiber, and a dispersion of more positive than about -40 ps/nm/km over a 
v^ave length range of about 1555 nm to about 1615 nm. 

[0008] Another aspect of the present invention relates to a Raman amplification device 
having an input and an output, the device including a Raman gain fiber having a profile 
selected to provide a dispersion of between about -25 ps/nm/km and about -15 ps/nm/km 
at a wavelength of 1450 nm and a dispersion slope of between about 0 ps/nm^/km and 
about 0.05 ps/nm^/km at a wavelength of 1450 nm; and a pump source operatively 
coupled to the Raman gain fiber. 

[0009] Another aspect of the present invention relates to a Raman amplification device 
having an input and an output, the device including a Raman gain fiber having a 
germania-doped core having an index profile having an a of between about 1 .5 and about 
2.5 and a radius of between about 1.8 \xm and about 2.4 ^m, a cladding, and a core-to- 
cladding A of at least about 1 .8%; and a pump source operatively coupled to the Raman 
gain fiber. 

[0010] The devices and methods of the present invention result in a number of 
advantages over prior art devices and methods. For example, the present invention 
provides a Raman-pumped dispersion compensating device that can simultaneously 
provide a desired amount of dispersion compensation and a desired amount of gain. 
[0011] Additional features and advantages of the invention will be set forth in the 
detailed description which follows, and in part will be readily apparent to those skilled in 
the art from the description or recognized by practicing the invention as described in the 
written description and claims hereof, as well as in the appended drawings. 
[0012] It is to be understood that both the foregoing general description and the 
following detailed description are merely exemplary of the invention, and are intended to 
provide an overview or framework to understanding the nature and character of the 
invention as it is claimed. 

[0013] The accompanying drawings are included to provide a further understanding of 
the invention, and are incorporated in and constitute a part of this specification. The 
drawings are not necessarily to scale, and sizes of various elements may be distorted for 
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clarity. The drawings illustrate one or more embodiment(s) of the invention, and together 
with the description serve to explain the principles and operation of the invention. 

Brief Description of the Drawings 
[0014] FIG. 1 is a schematic view of a dispersion compensating device according to 
one embodiment of the present invention; 

[0015] FIG. 2 is a schematic view of a dispersion compensating device according to 
one embodiment of the present invention; 

[0016] FIG. 3 is a schematic view of a conventional Raman-pumped dispersion 
compensating device; 

[0017] FIG. 4 is a schematic view of a Raman-pumped dispersion compensating device 
according to the present invention; 

[0018] FIG. 5 is a graph of residual dispersion vs. wavelength for the devices of FIG. 3 
and FIG. 4; 

[0019] FIG. 6 is a schematic view of a Raman amplification device according to one 
embodiment of the present invention; and 

[0020] FIG. 7 is a profile of a Raman gain fiber according to one embodiment of the 
present invention. 

Definitions 

[0021] The following definitions are in accord with common usage in the art. 
[0022] The refractive index profile is the relationship between refractive index and 
optical fiber radius. 

[0023] Delta, A, is the relative refractive index percent, A=(ni^-nc^)/2nc^, where ni is the 
specified refractive index in region i, and nc is the average refractive index of the cladding 
region. Deltas are conventionally expressed as percents. 

[0024] The term a-profile refers to a refractive index profile, expressed in terms of 
A(b), where b is radius, which follows the equation 

A(b)=A(bo)(l-[|b-bo|/(b,-bo)]^) 
where bo is the point at which A(b) is maximum, bi is the point at which A(b)% is zero, 
and b is in the range bi<b<bf, where delta is defined above, bi is the initial point of the a- 
profile, bf is the final point of the a-profile, and a is an exponent which is a real number. 



5 



Detailed Description of the Preferred Embodiments 
[0025] One aspect of the present invention relates to a dispersion compensating device 
including a dispersion compensating fiber, a trim fiber, and a Raman gain fiber. As used 
herein, a dispersion compensating device may provide dispersion compensation at a 
single wavelength, or at a plurality of wavelengths (e.g. broadband or dispersion slope 
compensation.) An embodiment of the present invention is shown in schematic view in 
FIG. 1 . A dispersion compensating device 20 has an input 22 and an output 24. A 
dispersion compensating fiber 26 and a Raman gain fiber 28 are arranged in series 
between the input and the output. A pump source 30 is coupled to the Raman gain fiber 
through a WDM coupler 32. In this configuration, the pump source 30 is configured so 
that it provides a counterpropagating pump signal 34. The pump source operates at a 
pump wavelength (e.g. 1457 nm), and may be, for example, a pump laser. As the pump 
signal propagates through the Raman gain fiber 28 and into the dispersion compensating 
fiber 26, the pump source 30 may be said to be operatively coupled to both the Raman 
gain fiber and the dispersion compensating fiber. 

[0026] The dispersion compensating fiber 26 has a dispersion of more negative than 
about -50 ps/nm/km over a wavelength range of about 1555 nm to about 1615 nm. In 
certain embodiments of the invention, the dispersion compensating fiber 26 may have a 
dispersion slope more negative than -1,5 ps/nm^/km at 1575 nm. The Raman gain fiber 
has a dispersion more positive than about -40 ps/nm/km over a wavelength range of about 
1555 nm to about 1615 nm. 

[0027] The Raman gain fiber has a Raman Figure of Merit at least about equivalent to 
the Raman Figure of Merit of the dispersion compensating fiber at the pump wavelength. 
The Raman Figure of Merit is defined by the equation 

Sr 

Raman Figure of Merit = , 

AeffAtt'n' 

where gR is the Raman scattering coefficient of the material of the core of the optical 
fiber, Aeff is the effective area of the fiber at the pump wavelength, and Att'n is the 
attenuation of the fiber at the pump wavelength in units of km'' . The value of gR relates 
to the probability of a photon being scattered in a Raman process, and is strongly 
dependent on the composition of the material; increasing the germania content of a 
material tends to increase its gR. The attenuation in units of km'* may be calculated by 
dividing the attenuation in dB/km by lOlogio(e) (about 4.34). The Raman Figure of Merit 
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for an optical fiber may be determined from the equation describing the signal gain in a 
Raman-pumped optical fiber: 



where G is the signal gain, ga, Aefrand Att'n are as described above, P is the Raman 
pump power launched into the fiber, and L is the length of the fiber. The skilled artisan 
may measure the signal gain for a given Raman pump power in a length of fiber and 
manipulate the equations given above to determine the Raman Figure of Merit. Such 
procedures are described by Gray in "Raman Gain Measurements in Optical Fibers," 
Technical Digest: Symposium on Optical Fiber Measurements 2000, NIST Special 
Publication 953, at page 151, which is incorporated herein by reference in its entirety. 
Dispersion compensating fibers typically used to compensate the dispersion of LEAF® 
have Raman Figures of merit greater than about 10 W' (e.g. 15 W'^). In desirable 
embodiments of the invention, the Raman Figure of Merit of the Raman gain fiber is at 
least about 10 W"^ at the pump wavelength (e.g. 1457 nm). In especially desirable 
embodiments of the present invention, the Raman Figure of Merit of the Raman gain fiber 
is at least about 18 W"^ at the pump wavelength (e.g. 1457 nm). 
[0028] In operation, a weak, broadened input optical signal 36 enters the device at 
input 22, is amplified and compressed in dispersion compensating fiber 26, is further 
amplified in Raman gain fiber 28, and exits the device as an amplified, compressed output 
optical signal 38. The skilled artisan may select appropriate lengths and properties of the 
dispersion compensating fiber 26 and the Raman gain fiber to provide both a desired 
dispersion compensation and a desired gain. The Raman gain fiber may have negative or 
positive dispersion; the skilled artisan will take into account any dispersion of the Raman 
gain fiber in designing the device. 

[0029] In order to simplify the interplay between the dispersion of the dispersion 
compensating fiber and of the Raman gain fiber, it may be desirable for the Raman gain 
fiber to have a dispersion slope of between about -0.05 ps/nm^/km and about 0.05 
ps/nm^/km over a wavelength range of about 1555 nm to about 1615 nm. It may also be 
desirable for the Raman gain fiber to have a dispersion of more positive than about -25 
ps/nm/km over a wavelength range of about 1555 nm to about 1615 nm. Further, in order 
to suppress the effects of four- wave mixing resulting from high power pumping over a 
broad wavelength range, it may be desirable for the Raman gain fiber to have a moderate 
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dispersion at the pump wavelength (e.g. absolute value between about 1 5 ps/nm/km and 
about 25 ps/nm/km). It is also desirable for the Raman gain fiber to have a zero- 
dispersion wavelength at least 50 nm greater than the pump wavelength. In especially 
desirable embodiments of the present invention, the Raman gain fiber has a zero- 
dispersion wavelength at least 100 nm greater than the pump wavelength. For example, 
suitable Raman gain fibers may have zero-dispersion wavelength of at least about 1580 
nm. Especially suitable Raman gain fibers have a core-to-cladding deltas of at least about 
1.8%, and core radii of between about 1.8 \xm and about 2.4 |im. One example of a 
suitable Raman gain fiber is described below in more detail in connection with FIG. 7. 
[0030] Another embodiment of the present invention is shown in schematic view in 
FIG. 2. The dispersion compensating device 50 includes an input 22, and output 24, a 
dispersion compensating fiber 26, and a Raman gain fiber 28 substantially as described 
above in connection with FIG. 1. The dispersion compensating device 50 further 
comprises a trim fiber 52 having substantially different dispersion properties (e.g. 
dispersion and/or dispersion slope) than the dispersion compensating fiber 26 and the 
Raman gain fiber 28. The use of the trim fiber allows the skilled artisan to maximize the 
compensation of the dispersion and dispersion slope of a transmission link in cases when 
the dispersion compensating fiber and Raman gain fiber are unable to do so alone. The 
trim fiber may have, for example, a positive dispersion (e.g. greater than about 8 
ps/nm/km) and a positive dispersion slope (e.g. between about 0 ps/nm^/km and about 
0.15 ps/nm^/km). The trim fiber need not provide Raman gain, and need not be 
operatively coupled to the pump laser. For example, SMF-28® (available fi-om Coming 
Incorporated of Coming, NY), which provides very little Raman gain, can be used as the 
trim fiber. In certain embodiments of the invention, however, the trim fiber may provide 
Raman gain, and may be coupled to the pump laser. Use of a trim fiber for residual 
dispersion trimming is described, for example, in U.S. Patent Application Serial Number 
10/1 13,448, which is incorporated herein by reference. In the embodiment of the 
invention shown in FIG. 2, the trim fiber 52 is at the input of the device, the Raman gain 
fiber 28 is at the output of the device, and the dispersion compensating fiber 26 is 
between the trim fiber and the Raman gain fiber. 

[0031] The present invention is especially useful when the dispersion compensating 
device is designed to compensate a relatively short span of transmission fiber, and 
therefore has a relatively short length of dispersion compensating fiber. In advantageous 
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embodiments of the present invention, the dispersion compensating fiber has a length of 
less than about 3 km. In especially advantageous embodiments of the present invention, 
the dispersion compensating fiber has a length of less than about 2 km. 
[0032] As described above, the dispersion compensating devices of the present 
invention may be Raman pumped to provide gain. The skilled artisan will appreciate that 
a pump laser may be configured to provide co-pumping, counterpumping or co- 
counterpumping of the Raman gain fiber and the dispersion compensating fiber. The gain 
will depend on the properties of the dispersion compensating fiber and the Raman gain 
fiber, the lengths of the dispersion compensating fiber and the Raman gain fiber, and the 
wavelength and power of the pump signal. 

[0033] FIG. 3 is a schematic diagram of a conventional device suitable for 
compensating the dispersion of a span of 40 km of LEAF® optical fiber, available from 
Coming Incorporated of Coming, NY. The conventional device 60 includes an input 62, 
and output 64, and a 1.6 km length of a suitable dispersion compensating fiber 66 
coupling the input to the output. The dispersion compensating fiber is operatively coupled 
to a pump laser 69 operating in the 1430-1480 nm wavelength range. The 40 km span of 
LEAF 67 is coupled to the input 62 of the device. FIG. 4 is a schematic diagram of an 
example of a device suitable for compensating the dispersion of a span of 40 km of 
LEAF® according to the present invention. Device 70 includes input 72, output 74, with 
1.7 km of the dispersion compensating fiber 76, 3.3 km of the Raman gain fiber 78 
described below in connection with FIG. 7, and 3.9 km of single mode fiber 80 (SMF- 
28®) connected in series between the input and the output. The Raman gain fiber is 
described in more detail hereinbelow. The dispersion compensating fiber and the Raman 
gain fiber are operatively coupled to a pump laser 79 operating in the 1430-1480 nm 
window. The 40 km span of LEAF® 77 is coupled to the input 72 of the device. Table 1 
shows the dispersion properties of LEAF®, SMF-28®, and the dispersion compensating 
fiber (DCF) and Raman gain fiber (RGF) used in the examples of FIGS. 3 and 4 over a 
wavelength range of 1555 nm - 1615 nm. 
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Table 1 . Dispersion values (in ps/nm/km) for optical fibers 





1555 nm 


1565 nm 


1575 nm 


1585 nm 


1595 nm 


1605 nm 


1615 nm 


LEAF** 


5.0 


5.8 


6.7 


7.5 


8.4 


9.2 


10.1 


DCF 


-124.3 


-141.6 


-161.4 


-183.5 


-207.2 


-231.5 


-254.8 


RGF 


-17.2 


-16.8 


-16.5 


-16.1 


-15.7 


-15.4 


-15.0 


SMF-28* 


16.4 


17.0 


17.6 


18.1 


18.7 


19.2 


19.8 



[0034] FIG. 5 shows the calculated residual dispersion of the 1555-1615 wavelength 
band after propagation through 40 km of LEAF® and the devices of FIG. 3 and FIG. 4. 
The conventional device 60 and the device 70 of the present invention both provide 
adequate dispersion compensation. Due to its additional length of Raman gain fiber, the 
device 70 of the present invention can provide at least about three times as much Raman 
gain as does the conventional device 60. 

[0035] In selecting lengths of dispersion compensating fibers, trim fibers, and Raman 
gain fibers for use in the present invention, the skilled artisan may wish to use numerical 
optimization of the residual dispersion of the transmission link-dispersion compensating 
device pair. In order to maximize the dispersion compensation, it is desirable to minimize 
the sum of the dispersion of the transmission link and the dispersion of the dispersion 
compensating device: 

Ldcf • Ddcf (^)-^ Lrgf • Drqp (^)+ L jf • ^tf (^) ^ 0 ps/nm/km 
where Lj, Ldcf? Lrgf and Ltf are the lengths of the transmission fiber, the dispersion 
compensating fiber, the Raman gain fiber, and the trim fiber, respectively, and Dt(^), 
DdcfC^)? Drgf(^), and Dtf(^) are the dispersions per unit length as a function of 
wavelength. The Raman gain of the device may be chosen by selecting the sum of the 
lengths of the dispersion compensating fiber and the Raman gain fiber (Ldcf+Lrgf). In 
desirable embodiments of the present invention, the absolute value of the residual 
dispersion is less than about 10% of the absolute value of the dispersion caused by the 
length of transmission fiber over a wavelength range of about 1555 nm to about 1615 nm. 
In especially desirable embodiments of the present invention, the absolute value of the 
residual dispersion is less than about 5% of the absolute value of the dispersion caused by 
the length of transmission fiber over a wavelength range of about 1555 nm to about 1615 
nm. For example, in the example of FIGS. 4 and 5, the 40 km of LEAF® causes a 
dispersion of about 200 ps/nm at 1555 nm, and about 404 ps/nm at 1615 nm. The 
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absolute value of the residual dispersion at 1555 nm after propagation through the device 
of FIG. 4 is about 7 ps/nm, which is less than about 4% of the dispersion caused by the 
length of LEAF®. The absolute value of the residual dispersion at 1615 nm is about -5 
ps/nm, which is less than 2% of the dispersion caused by the length of LEAF®. 
[0036] For use in the field, it may be desirable for the dispersion compensating devices 
of the present invention to include an enclosure for the optical fibers. The dispersion 
compensating fiber, Raman gain fiber, and (if used) trim fiber are connected in series 
inside the enclosure. The pump source may be included in the enclosure, or may be in a 
separate enclosure. 

[0037] Another aspect of the present invention provides a Raman gain fiber suitable for 
use in Raman amplifiers and in Raman-pumped dispersion compensating devices. 
According to one embodiment of the invention, shown in schematic view in FIG. 6, a 
Raman amplification device 100 having an input 102 and an output 104 includes a length 
of a Raman gain fiber 106 between the input and the output, and a pump laser 108 
operatively coupled to the Raman gain fiber. The Raman gain fiber 106 has a germania- 
doped silica core having an a-profile with an a of between about 1 .5 and about 3, and a 
peak core A of at least about 1.8%. An example of a Raman gain fiber profile according 
to this embodiment of the invention is shown in FIG. 7. The core radius is between about 
1.8 and about 2.4 microns. In desirable embodiments of the invention, the cladding has a 
substantially uniform refractive index within about 20 microns of the core, as shown in 
FIG. 7. 

[0038] In order to provide increased Raman gain, it is desirable for the Raman gain 
fiber to have an effective area of no greater than about 19 ^un^ at a wavelength of 1450 
nm, and a Raman figure of merit of at least about 18 W"^ at 1457 nm. Desirable Raman 
gain fibers have low attenuation losses at both the pump and signal wavelengths (e.g. less 
than about 0.8 dB/km at both 1450 nm and 1550 nm). In order to suppress the effects of 
four wave mixing in the wavelength range of the pump laser, it is desirable for the Raman 
gain fiber to have a moderate negative dispersion (e.g. between about -25 ps/nm/km and 
about -15 ps/nm/km at a wavelength of 1450 nm) and a low positive dispersion slope (e.g. 
between about 0 ps/nm^/km and about 0.05 ps/nm^/km at a wavelength of 1450 nm). 
[0039] As will be evident to the skilled artisan, the Raman gain fiber of the present 
invention may be pumped using any appropriate pumping scheme. For example, the 
Raman gain fiber may be co-pumped, counterpumped, or co-counterpumped. A WDM 
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coupler may be used to introduce the pump signal into the Raman gain fiber. The Raman 
gain fiber and the pump laser may be arranged inside an enclosure for use in the field. 
[0040] A Raman gain fiber having the index profile of FIG. 7 was fabricated using 
standard OVD techniques. The properties of this fiber are shown in Table 2. 



Table 2. Properties of an example of a Raman gain fiber 



Property 


Value 


Dispersion at 1450 nm 


-21.6 ps/nm/km 


Dispersion at 1550 nm 


-17.2 ps/nm/km 


Dispersion slope at 1450 nm 


0.043 ps/nm2/km 


Dispersion slope at 1550 nm 


0.042 ps/nm2/km 


Effective area at 1450 nm 


15.3 ^m^^ 


Effective area at 1550 nm 


17.5 ^un^ 


Mode field diameter at 1450 nm 


4.41 ^m 


Mode field diameter at 1550 nm 


4.72 fom 


Attenuation at 1450 nm 


0.595 dB/km 


Attenuation at 1550 nm 


0.458 dB/km 


Single mode cutoff 


1146 nm 


Polarization mode dispersion 


0.033 ps/VtoT 


Raman Figure of Merit (1457 nm 
pump wavelength) 


24.0 W' 



[0041] As will be evident to the skilled artisan, the Raman gain fiber of the present 
invention may be pumped using any appropriate pumping scheme. For example, the 
Raman gain fiber may be co-pumped, counterpumped, or co-counterpumped. The Raman 
gain fiber according to this aspect of the invention is particularly usefiil in the dispersion 
compensating devices described hereinabove. 

[0042] It will be apparent to those skilled in the art that various modifications and 
variations can be made to the present invention without departing from the spirit and 
scope of the invention. Thus, it is intended that the present invention cover the 
modifications and variations of this invention provided they come within the scope of the 
appended claims and their equivalents. 



